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Resonance Raman spectroscopy has been employed to determine the vibrational modes of monomeric nitrosyl manga- 
nese Chironomus thummi thummi hemoglobin (CTT IV). This insect hemoglobin has no distal histidine. By applying va- 
rious isotope-labeled nitric oxides (*WW, i5Nu0, 14NW), we have identified the Mn ‘I-NO stretching mode at 628 cn-‘, 
the Mn”-N-O bending mode at 574 cm-’ and the N-O stretching mode at 1735 cn-I. The results suggest astrong Mt+ 
NO bond and a weak N-O bond. The vinyl group substitution does not inlluence the v(Mnu-NO), G(Mnll-N-O) and 
v(N-0) vibrations. The Mnu-NO stretching frequency is insensitive to distal histidine interactions with NO, whereas the 
Na stretching frequency is sensitive. Nitric oxide also binds to Met manganese CTT IV to form an Mn*“.NO complex 
which undergoes a slow but complete autoreduction resulting in the Mn”.NO species. In manganese meso-IX CTT IV, 
the MnlnNO Mnu.NO conversion alters the intensities of the porphyrin ring modes at 342, 360, 1587 and 1598 cm-‘, 
but shifts the frequencies at 1504 and 1633 cm-1 (in Mnul.NO) to 1497 and 1630 cm-l (in M+.NO), respectively. The 
unshifted marker line at 1378 cm-i reflects the fact that the II* electron densities of the porphyrin ring are the same in 
the two complexes. 
Resonance Raman spectroscopy; Hemoglobin; Nitrosyl manganese hemoglobin; Metal-ligand vibrational mode; 
/ Chironomus thummi thummil 
1. INTRODUCTION 
Resonance Raman spectroscopy provides direct 
information on properties of the metal-ligand 
bond in hemoglobins [l-3]. Of particular interest 
is the bond strength between metal and axial 
ligands, as the nature of these bonds plays an im- 
portant role in the allosteric control of ligand 
binding in hemoglobins. In general, the bond 
strength is correlated with the bond length: the 
stronger the bond, the shorter the bond length. 
Furthermore, the bond length is related to the 
force constant according to Badger’s rule [4]. The 
force constant in turn determines the bond stret- 
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thing frequency. Here, we measure the Mn-NO 
stretching frequency and compare it with the fre- 
quencies of Fe”-CO stretching [5] and Fe”‘-CN- 
stretching [6] in the monomeric hemoglobin CTT 
IV from the insect Chironomus thummi thummi. 
CTT IV is a very simple allosteric system, which 
exhibits a Bohr effect with a missing distal his- 
tidine [7-lo]. We selected the three above-men- 
tioned complexes as they show linear axial ligand- 
metal moieties. Furthermore, resonance Raman 
data of these hemoglobin complexes are compared 
with those of corresponding model compounds: 
Mn”(TPP)(MPip)(NO), 1.644 A [ 111; Fe”(TPP)- 
(Py)(CO), 1.770 A [12]; Fe”‘(TPP)(Py)(CN-), 
1.908 A [l 1,131, for which the lengths of the 
metal-ligand bonds are known from X-ray struc- 
ture analysis. 
In this series of complexes the bond length in- 
creases with decreasing metal-ligand stretching fre- 
quency. Hence, the Mn”-NO bond is the strongest 
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and shortest among these mentioned complexes. 
This is also true for the corresponding CTT IV 
complexes. The Mn-NO bond stretching frequen- 
cy is found to be insensitive to distal histidine in- 
teractions with NO. In contrast, the N-O stretching 
frequency, which indicates a weak N-O bond, is 
sensitive to distal histidine interactions. Both 
vibrational modes are insensitive to porphyrin side 
group substitutions. This study of nitrosyl 
manganese CTT IV, in particular the comparison 
with other isoelectric systems, enhances our 
understanding of subtle variations in heme 
metal-ligand bonding, associated with electron 
rearrangements. 
2. MATERIALS AND METHODS 
The monomeric hemoglobin CTT IV from C. thummi thum- 
mi was purified as described (14,151. Manganese proto- and 
mesoporphyrin-IX were prepared according to standard 
methods [16]. Preparation of globin [17] and reconstitution 
[5,15,17] of CTT IV with manganese protoheme-IX and 
manganese mesoheme-IX, respectively, were carried out as 
described. 
The nitrosyl complexes of manganese CTT IV were prepared 
as follows: a very small amount of sodium dithionite (-0.5 mg) 
or ascorbic acid was placed in a cylindrical quartz Raman cell. 
After the cell had been sealed, evacuated and flushed with pure 
Nr, nitric oxide gas was introduced into the cell. Then the 
degassed Met manganese CTT IV solution (=80/1M in 0.2 M 
Tris, Bis-Tris or citrate-phosphate buffer) was added via a gas- 
tight syringe. 14N160 gas was obtained from Matheson Gas Pro- 
ducts (Morrow, GA) and 15N160 gas (99 atom% ‘sN) from Pro- 
them US Service (Summit, NJ). The “N’80 complex was 
prepared in a similar manner, except that the 14N180 gas was 
generated by reducing potassium nitrite (K14N180s, Stohler 
Isotope Chemicals, 90 atom% “0) with ascorbic acid in the up- 
per chamber of the Raman cell. 
Raman spectra were recorded with the highly sensitive 
multichannel laser Raman system described in [19]. The 
413.1 nm line of the krypton ion laser (Spectra Physics 171-01) 
was employed as excitation source. The power was approx. 
15 mW at the sample. The scattered light was collected at a 
geometry of 96”. To eliminate photodissociation, the sample 
was spun throughout he measurements. All spectra were col- 
lected at room temperature, unsmoothed, and calibrated by 
standard compounds. 
Fig. 1. Effect of ligand isotope exchange on the 266-750 cm-’ 
region of the resonance Raman spectra of nitrosyl manganese 
meso-IX CTT IV (A, 14N160; B, 1sN’60; C, 14N180) and proto- 
3. RESULTS AND DISCUSSION 
3.1. Assignment of Mn-NO stretching and 
Mn-N-O bending vibrations in nitrosyl 
manganese CTT IV: Indication for an 
unusualIy strong Mn-NO bond 
In fig. 1 we present he resonance Raman spectra 
(ZOO-750 cm-’ spectral region) of nitrosyl 
manganese meso-IX CTT IV at pH 9.4 for 14N160 
(A), “N160 (B), and 14N’80 (C). Two isotope- 
sensitive lines are clearly identified in the spectrum 
of the 14N160 complex at 573 and 628 cm-‘. The 
573 cm-’ line shifts to 562 cm-’ (r5N160 complex) 
and 569 cm- ’ (14N1’0 complex). The 628 cm-’ 
line shifts to 623 cm-’ (15N160 complex) and 
613 cm-’ (14N1’0 complex). The 573 cm-’ mode 
exhibits a zig-zag ligand isotope shift: decrease 
(rsNr60) - increase (14N1’O). Hence, this mode 
is the Mn-N-O bending mode. The 628 cm-’ line 
shows a monotonic decrease in frequency with in- 
creasing ligand isotope mass. Therefore, this line 
has to be assigned to the Mn-NO stretching vibra- 
tion. In fig.1 we also display the low-frequency 
spectra of nitrosyl manganese proto-IX CTT IV 
for 14N160 (D) and 15N’60 (E). The Mn-NO stret- 
ching and Mn-N-O bending, already assigned for 
the meso-IX CTT IV complex, occur at the same 
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frequencies in the spectra of the corresponding 
proto-IX CTT IV complexes. 
The nearly identical frequencies of the Mn-NO 
stretching and Mn-N-O bending modes in meso-IX 
and proto-IX CTT IV, respectively, reveal that the 
Mn-NO bond is not affected by the electron- 
donating or -withdrawing properties of the por- 
phyrin side groups (replacement of vinyls in proto- 
IX CTT IV by ethyls results in meso-IX CTT IV). 
In contrast, EPR results on oxy cobalt and nitrosyl 
CTTs indicated an influence of those side groups 
of the porphyrin on the hyperfine structures, 
which were interpreted as indicators of influence 
on the central atom-axial ligand bonds [17]. 
Whereas EPR reflects only the distribution of the 
unpaired electron, the resonance Raman vibra- 
tional frequencies are the measure of the 
metal-ligand bond strength to which both s and p 
bonding contribute. Hence, hyperfine constants in 
EPR spectra are not necessarily a measure of 
metal-ligand bond strength. No influence of 
substituents in position 2 and 4 of the porphyrin 
was also reported for the Fe-CO bond [5]. 
The v(Mn-NO) and &M-N-O) in the monomeric 
insect hemoglobin CTT IV are practically the same 
in the corresponding myoglobin complex [20], 
although myoglobin has a distal histidine, whereas 
CTT IV does not. In contrast, the influence of the 
distal histidine on the metal-ligand bond has been 
demonstrated for monomeric cobalt-nitrosyl 
hemoglobins [21]. An important difference be- 
tween these two types of complexes is that the Mn- 
NO moiety is linear [ 11, whereas the Co-NO moiety 
is bent [l]. The strong Mn-NO bond may not be 
easily affected by the relatively weak distal 
histidine-NO interaction. Therefore, Mn-NO com- 
plexes in different hemoglobins show nearly the 
same Mn-NO stretching frequency [20]. The 
-628 cm-’ Mn-NO stretching frequency is the 
highest metal-ligand stretching frequency observed 
to date for diatomic ligands: Fe-CO at -500 cm-‘, 
Co-NO at -570 cm-‘, Co-02 at 535 cm-‘, Fe”- 
NO at -554 cm-‘, Fern-NO at -595 cm-’ and 
Fe”‘-CN- at -452 cm-‘. Now, we compare only 
the metal-ligand frequencies of those complexes 
which exhibit linear exogenous ligand-metal 
geometry (Mn”-NO, Fe”-CO, Fe”‘-CN-). To 
eliminate being misled by mass effects, we 
calculated the metal-ligand bond stretching fre- 
quency on the basis of corrected mass normalized 
to the Mn-NO system. We then obtain for Fen-CO 
490 cm-’ and for Fe”‘-CN- 434 cm-‘. These fre- 
quency numbers correlate with the force constant 
which is highest for the Mn-NO bond. Indeed, the 
bond distances determined by X-ray structural 
analysis for corresponding model compounds cor- 
relate with the stretching frequencies of the 
metal-ligand bond: Mn”(TPP)(MPip)(NO), 
1644 A, 630 cm-‘; Fe”(TPP)(Py)(CO), 1.770 A, 
487 cm-‘; Fe”‘(TPP)(Py)(CN-), 1.908 A, 
451 cm-‘. Although X-ray data for the nitrosyl 
complex of manganese CTT IV are not available, 
we believe, in correspondence to the model com- 
pounds, that bond length and stretching frequency 
correlate in the same way in the CTT IV com- 
plexes. This comparison indicates that the Mn-NO 
bond is strongest and hence the shortest. 
J 
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Fig.2. Effect of ligand isotope exchange on the 
1300-1800 cm-’ region of the resonance Raman spectra of 
nitrosyl manganese meso-IX ClT IV (A, 14N160; B, 15N160; C, 
“N180) and proto-IX CTT IV (D, 14N160; E, 15N160) at pH 
9.4. 
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3.2. Sensitivity of N-O stretching vibration to 
distal histidine-nitrosyl interaction 
Fig.2 displays the effect of nitric oxide isotope 
exchange on the high-frequency region 
(1300- 1800 cm- ‘) of the resonance Raman spectra 
of nitrosyl manganese CTT IV at pH 9.4. We iden- 
tify the N-O stretching vibration at 1735 cm-’ for 
the 14N160 complex of manganese meso-IX CTT 
IV. This frequency is shifted to 1698 cm-’ (i5N160 
complex) and 1697 cm-’ (14N1*0 complex). 
These frequency shifts resemble the shift pattern 
observed for the C-O stretching frequencies in car- 
bonmonoxy CTT III. Here, the C-O stretching fre- 
quency shifts from 1960 cm-’ (12C160 complex) to 
1918 cm-’ (13C160 complex) and 1918 cm-’ 
(1zC180 complex) [22]. The small differences in 
stretching frequencies between 15N-160 and 
14N-180 as well as 13C-160 and 12C-180 may in- 
dicate the anharmonic nature of these oscillators. 
The stretching frequency of N-O is 220 cm-’ lower 
than that of C-O, indicating that the N-O bond is 
weaker than the C-O bond. It should be noted 
that the observed 1735 cm-’ N-O stretching fre- 
quency is identical with that in the Mn(II)proto- 
IX-dimethyl ester (piperidine)(NO) model complex 
[20]. In both cases no distal histidine-NO interac- 
tion is present. However, in nitrosyl manganese 
myoglobin a 23 cm-’ shift to lower frequency was 
observed [20] indicating distal histidine-NO in- 
teraction. Hence, the N-O stretching in the nitrosyl 
manganese system and the Co-NO stretching in 
cobalt nitrosyl systems are sensitive monitors of 
distal histidine-NO interaction [21]. 
3.3. Formation of Mn’l’. NO complex and its 
spontaneous conversion to MnN- NO complex 
In fig.3 we display four spectra (200-700 cm-‘) 
taken at different time intervals after the addition 
of NO to Mn”’ meso-IX CTT IV in the absence of 
other reducing agents. The most dramatic changes 
from (a) (10 min) to (d) (300 min) are reversal of 
the relative intensities at 342 and 360 cm-‘, and the 
intensity increases at 573 and 628 cm-’ due to the 
Mn”-N-O bending and Mn”-NO stretching, 
respectively. The spectrum shown in fig.3d is in- 
distinguishable from that in fig. IA, representing 
the nitrosyl complex of Mn” meso-IX CTT IV. 
The spectral features in fig.3a, different from 
those of Mn”’ meso-IX CTT IV without NO (not 
shown), are characteristic of Mn”’ . NO complex 
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Fig.3. Time-dependent resonance Raman spectra (200- 
700 cm-‘) in the conversion of Mn”’ .NO to Mn” .NO in 
manganese meso-IX CTT IV at pH 9.4. (a) 10 min, (b) 150 min, 
(c) 200 min, (d) 300 min. 
except the weak 628 cm-l line indicating the initial 
fast formation of Mn” . NO species. Thus, it ap- 
pears that nitric oxide also binds to MnlI1, ex- 
hibiting a spontaneous Mn”’ . NO - Mn” . NO 
autoreduction. This is analogous to the well- 
known phenomenon observed with NO binding to 
ferric and ferrous hemoproteins [23]. 
Although the Fe”‘-NO stretching and Fe”‘-N-O 
bending have been observed at 595 and 573 cm-’ 
(sperm whale myoglobin) and 604 and 574 cm-’ 
(horseradish peroxidase), respectively, we have not 
detected the Mn”‘-NO stretching and Mn”‘-N-O 
bending modes. 
In the high-frequency region (1300- 1700 cm-‘) 
spectra (not shown), we observed no frequency 
change at 1378 cm-’ in the course of Mn”‘.NO 
- Mn” *NO conversion. The 1378 cm-’ mode is 
the indicator of the a* electron density of the por- 
phyrin ring [l]. This means that there is no detec- 
table concentration of the Mn*’ - NO intermediate 
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species. The difference in charge between the two 
complexes is absorbed by the NO ligand and the 
proximal histidine without affecting the n-* elec- 
tron density of the porphyrin macrocycle [23]. 
However, the porphyrin ring modes at 1504 and 
1633 cm-’ (in Mn”‘.NO) are shifted to 1497 and 
1630 cm-’ (in Mn” -NO). In addition, we observed 
a large intensity decrease at 1587 cm-’ and an in- 
crease at 1598 cm-‘. 
4. CONCLUSION 
In three linear complexes of a monomeric insect 
hemoglobin (Fe”‘-CN-, Fe”-CO and Mn”-NO) 
the metal-ligand bond stretching frequency is 
highest for the Mn”-NO complex indicating the 
strongest Mn”-NO bond. 
. Whereas the N-O stretching frequency is sen- 
sitive to distal histidine-nitrosyl interaction, the 
Mn-NO stretching vibration is not. 
Nitric oxide binds to Met manganese meso-IX 
CTT IV to form an Mn”’ - NO complex which ex- 
hibits a slow, but complete autoreduction to the 
Mn” . NO species. 
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